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We propose a dynamical scenario beyond the standard model, in which the radiative correction 
to the Higgs mass parameter is suppressed due to a large anomalous dimension induced through 
a conformal invariant coupling with an extra gauge sector. Then the anomalous dimension also 
suppresses the Yukawa couplings of the Higgs field. However, the large top Yukawa coupling can 
be generated effectively through mixing among top quarks and the fermions of the conformal gauge 
sector. This scenario is found to predict a fairly heavy Higgs mass of about 500 GeV. We present 
an explicit model and show consistency with the Electro- Weak precision measurements of the S and 
T parameters as well as the Z boson decay width. 
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I. INTRODUCTION 

Unnaturalness of the standard model (SM) indicates 
that at least the Higgs sector is modified with new in- 
teractions and particles above some energy scale M not 
much higher than 1 TeV. Especially, if the Higgs mass 
is less than 200GeV, which is^ expected from the Electro- 
Weak (EW) precision tests then the scale M should 
be no more than 0(l)TeV. The origin of fine-tuning is the 
quadratic divergence in the radiative corrections to the 
Higgs mass parameter. Therefore the new physics above 
the scale M must remove the quadratic divergence. How- 
ever absence of the quadratic divergence is not sufficient 
phenomenologically. The EW precision tests constrain 
some dimension 6 operators added effectively to the EW 
theory severely and the scale of the new physics is 
expected to be higher than 5 ~ lOTeV generically Q. 
The discrepancy between this scale and the scale M for 
naturalness is called the LEP paradox or the little hierar- 
chy problem. Thus the new physics should have specific 
properties in order to be consistent with the EW preci- 
sion tests simultaneously. 

The quadratic divergence can be eliminated by impos- 
ing global symmetries. The most postulated candidate 
would be supersymmetry, which predicts a fairly light 
Higgs mass. The little Higgs models Q also assume 
global symmetries to suppress the quadratic divergence 
to mass of the Higgs boson appearing as a pseudo Nambu- 
Goldstone boson. Then the Higgs mass is predicted to 
be light again, since the Higgs quartic coupling is also 
suppressed due to the global symmetries. It should be 
also mentioned that the supersymmetric extension does 
not remove the hierarchy problem completely. The rigid 
supersymmetry restricts the Higgs mass to be less than 
the Z-boson mass Mz- Meanwhile, the Higgs mass has 
been constrained to be heavier than 115GeV by LEPH 
Therefore, the scale of the supersymmetry breaking 
parameters must be rather large and a sizeable radiative 
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correction to the Higgs mass is induced. Consequently, 
fine-tuning of a few percent is required to realize the EW 
symmetry breaking of 250GeV. There have been no con- 
vincing scenarios overcoming this problem, although var- 
ious models have been proposed so far [1, 0, 0, H. M [lol|. 
So it would be worth while seeking for other possibilities 
as well. 

Although the results of the EW precision tests are con- 
sistent with the SM with a light Higgs boson, the heavy 
Higgs boson is not always excluded. The recent analysis 
shows that a heavy Higgs mass of 400-600 GeV can be 
consistent (ill . [T2j , as long as there are extra contribu- 
tions leading to AT = 0.25 ±0.1 and a smaU AS* 
Therefore the possibility to find a heavy Higgs at LHC 
is still open, though the constraint to the new physics 
is rather restrictive. For example, the Technicolor mod- 
els, in which the composite Higgs boson is rather heavy, 
are known to suffer from too large corrections to the 
S-parameter [l^, [l3|. Even if the Higgs boson is not 
a composite particle, the Higgs mass as heavy as the 
triviality bound, which is about 600GeV, implies that a 
strong interaction is involved with the Higgs sector at 
the TeV scale. Then large oblique corrections are gen- 
erated in general. Meanwhile, the degree of fine-tuning 
to the Higgs mass parameter is ameliorated for a heavy 
Higgs mass and the scale of new physics may be raised 
up somewhat p^ . [ipl . However the improvement is not 
si^ificant and new physics should appear at a few TeV 

In this paper, we study a dynamical scenario to pro- 
tect the Higgs mass parameter from the quadratic diverg- 
ing corrections. Suppose that the Higgs field acquires a 
positive anomalous dimension, then the degree of diver- 
gence of the mass correction is reduced. Therefore, if 
the anomalous dimension is sufficiently large, then cut- 
off dependence of the mass correction may be drastically 
suppressed and the Higgs sector is relieved from the fine- 
tuning problem. Indeed it will be shown that such a 
large anomalous dimension can be realized by introduc- 
ing a coupling of the Higgs with a strongly interacting 
conformal field theory (CFT). 

Recently Luty and Okui [l3| has also discussed a Higgs 
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model with a large anomalous dimension, the "conformal 
Technicolor", and it's AdS/CFT correspondence j^]. In 
their scenario, the Higgs boson is given as a fermion com- 
posite. In this paper, we consider a scenario in which 
the EW symmetry breaking (EWSB) is not dynamical 
and the Higgs boson behaves as a point particle even 
above the TeV scale. Therefore the strongly coupled sec- 
tor does not induce a large correction to S'-parameter. 
In this respect, our scenario is distinct from the models 
discussed in Ref. [13 and let us call it "the conformal 
Higgs model" hereafter. Explicitly, the CFT is assumed 
to be a strongly coupled gauge theory with a appropriate 
number of vector-like fermions and the Higgs boson inter- 
acts through a large Yukawa coupling with some of these 
fermions. Then it is found that the Higgs mass given in 
this scenario is as heavy as 500GeV due to the strong in- 
teraction, although the cutoff dependence is suppressed 
by the anomalous dimension. 

In order to make such a scenario viable phenomeno- 
logically, we need to think about the following problems. 
First, we note that the large anomalous dimension of the 
Higgs also suppresses the Yukawa couplings with quarks 
and leptons. Therefore it seems that this scenario is in- 
compatible with the large top quark mass. It may be 
suggestive that many approaches towards the little hier- 
archy problem are faced with difficulty to explain the top 
quark mass simultaneously. In order to avoid this prob- 
lem, we suppose that the origin of the prominently large 
top quark mass is different from the Yukawa coupling 
with the Higgs boson. More explicitly, we consider that 
the dynamics producing masses for the extra vector-like 
fermions also induces mixing between top quarks and the 
extra fermions ^lOj. Then the top Yukawa coupling can 
be generated through the large Yukawa coupling of the 
Higgs with the extra fermions effectively. 

Another problem to be concerned is consistency with 
the EW precision tests. As is mentioned above, the heavy 
Higgs boson requires a suitable amount of extra contri- 
butions to the T-parameter. In the present model, the 
custodial symmetry is largely violated, since only top 
quark fields are assumed to mix with the CFT sector 
significantly. Therefore the loop corrections with the ex- 
tra fermions contribute to the T-parameter. The size of 
the correction depends on the masses of these fermions, 
which gives also the decoupling scale of the CFT sector 
from the EW theory. We will show an explicit model 
with the decoupling scale of a few TeV can explain the 
T-parameter consistent with the EW precision test. 

Recently various alternative EWSB scenarios defined 
in the warped extra dimensions, or the five-dimensional 
anti-de Sitter (AdS) space, with four-dimensional bound- 
aries [ll] have been studied extensively, e.g. the Higgs- 
less models [l^, the minimal composite Higgs models 
[20| . The studies of these models also revealed that it is 
a rather non-trivial problem to satisfy the constraints by 
the precision measurements with realizing the large top 
quark mass simultaneously. 

These models are also expected to have four dimen- 



sional interpretation in terms of a strongly-coupled CFTs 
according to the AdS/CFT correspondence. However ex- 
plicit realizations of the CFTs have not been known so 
far. It is thought that the explicit CFT discussed in this 
paper offers an example of this class of models. Although 
it would be also interesting to find the warped model re- 
lated by the AdS/CFT correspondence conversely, we re- 
strict our discussions within the four-dimensional model 
building in this paper. 

This paper is organized as follows. In section II, the 
IR fixed points in gauge- Yukawa theories are examined 
as an explicit mechanism to endow a large anomalous 
dimension to the Higgs field. There we apply the Wil- 
son renormalization group (RG) equations in the ladder 
approximation to analyze the fixed point. The dynam- 
ical effects by the anomalous dimension are discussed. 
In section HI, we present explicitly the conformal Higgs 
model, in which the SM Higgs and the top quark are 
coupled with a conformal invariant gauge theory through 
Yukawa interactions. We also introduce another strong 
interaction to break down the conformal invariance at the 
TeV scale by spontaneous mass generation. The model is 
considered so that the proper mixings between the extra 
fermions and top quarks are induced with this mass gen- 
eration. In section IV, consistency with the EW precision 
measurements is examined by evaluating the loop correc- 
tions by the extra fermions explicitly. Finally section V 
is devoted to conclusions and discussions. 



II. DYNAMICS GENERATING A LARGE 
ANOMALOUS DIMENSION 

A. Power of divergence 

The reason why radiative corrections to the Higgs mass 
parameter m?jj show quadratic divergence is that the di- 
mension of the mass operator is two. Therefore, if the 
Higgs field carries a positive anomalous dimension 7//, 
then this power of divergence is reduced. Suppose that 
7// is given to be a scale independent constant, then the 
correction to m|^, (5m|^, depends on the cutoff scale A as 

5<^(^^yM^ (1) 

where the power of divergence is given by e = 2(1 — 7//) 
[3^, and /i denotes the renormalization scale. Note that 
this correction is suppressed and may be approximated 
as a logarithmic one, when the anomalous dimension is 
close to 1. 

Thus, the cutoff scale A can be raised up without severe 
fine-tuning of the parameters with help of the anomalous 
dimension . One may wonder whether a concrete dy- 
namics realizing such a large anomalous dimension exists 
or not. The coupling constants inducing such an anoma- 
lous dimension must be not only fairly large but also 
scale independent. This implies that we should consider 
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conformal field theories, in which the coupUng constant 
of the Higgs field is stabilized at an infrared (IR) attrac- 
tive fixed point. In this section, we examine an explicit 
example of the gauge- Yukawa theory. 



B. IR fixed point witli non-trivial Yul4awa coupling 

It has been known for some time that an IR attrac- 
tive fixed point exists for the QCD like theory with an 
appropriate number of flavors, which is called the Banks- 
Zaks (BZ) fixed point [2l|. Then the gauge theory be- 
comes a CFT at low energy irrespectively of the cou- 
pling given at high energy. For the SU{Nc) gauge the- 
ory with Nf Dirac fermions tp of the fundamental rep- 
resentation, the two-loop beta function shows that the 
fixed point exists for the number of flavors Nf within 
(34/13)iVc < Nf < {n/2)Nc in the large Nc leading. 
Besides the recent studies by numerical simulations of 
the SU (3) lattice gauge theories also indicates that there 
is the non-trivial fixed point for 7 < Nf < 16 [2^ . 

At the fixed point, the fermion mass operator iptp 
acquires a negative anomalous dimension through the 
gauge interaction. Therefore the perturbation by a 
Yukawa operator X'ipTp(f> with a singlet scalar (j) is rele- 
vant there. The Yukawa coupling A is enhanced rapidly 
towards the IR direction. Since this Yukawa coupling 
induces a positive anomalous dimension to the scalar 
field, it may be expected that the flow of A eventually 
approaches another fixed point A,, which is IR attrac- 
tive. 

This new fixed point can be explicitly shown, when the 
gauge theory has the BZ fixed point in the perturbative 
region. Let us consider the following Yukawa interaction 
with a gauge singlet complex scalar (j), 
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Nf. When we evaluate the beta func- 



tion for the Yukawa coupling ax- — |A,;| /(47r) in the 
one-loop approximation and the beta function for the 
gauge coupling ag = (7^/(47r)^ in the two- loop approxi- 
mation, then they are found to be 



da„ 



da\i 



= ~2boa'g - 2bia-l 



nf 
i=l 



= 2a, 



2N,Y,ax,+ax^-(!>C2{N,)ag 



(3) 



(4) 



where the coefficients are given with the quadratic 
Casimir C2{N^) = (iV^ _ i)/2Nc as 



^0 = yiV,-^iV;, 



(5) 
(6) 



The BZ fixed point (Ai = 0) exists when > Q and 
6i < 0. The above beta functions satisfy the fixed point 
given by 
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6C2{Na)n 
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ax* = ax' = 



2Nanf + l 

QC2{N,) ^ 
2Ncnf + l' 



-bi + 3/2' 



(7) 

(8) 



where the last expressions stand for the large N^ leading 
part. It is also easily shown that this fixed point is IR at- 
tractive. The anomalous dimension of the scalar filed at 
the IR fixed point is given by 7^ = 2Ncnfax* ■ Hereafter 
we restrict the Yukawa couplings to be the same, Xi = A, 
since they are identical at the IR fixed point. 



C. Non-perturbative evaluation of the anomalous 
dimension by the RG method 

We are interested in the anomalous dimension 7^ ob- 
tained in the strongly coupled region, where the pertur- 
bative analysis is not valid. However it is a quite difficult 
problem to extend the RG equations to ones fully reliable 
even in the non-perturbative region. In practice, the non- 
perturbative dynamics of chiral symmetry braking phe- 
nomena in the QCD with many flavors has been studied 
so far by solving the Dyson-Schwinger equations mostly 
[2^ . [23 | . Unfortunately, dynamics around the fixed point 
cannot be captured by the DS equations. This is because 
the DS equations are given with respect to the order pa- 
rameter, which is vanishing around the IR fixed point. 

It has been found [2^, |2? " 
malization Group (ERG) 



27| that the Exact Renor- 



[28], which offers an explicit 
formulation of the Wilson RG, is also applicable to study 
of the chiral symmetry breaking phenomena. Besides, the 
phase structure as well as the order parameters obtained 
by solving the RG equations and the DS equations are 
found to be identical within the so-called (improved) lad- 
der approximation. Moreover, the RG equations enable 
us to study renormalization properties directly irrespec- 
tively of the phases. Therefore the RG approach has a 
great advantage to examine dynamics around the fixed 
point [ill. 

The ERG equation gives evolution of the Wilsonian ef- 
fective action under infinitesimal shift of the cutoff scale 
by a functional form. It is necessary to reduce the equa- 
tions by some approximation in the practical analysis. It 
is usually performed to truncate the series of local opera- 
tors in the Wilsonian effective action. Then improvement 
of the approximation is made by increasing the level of 
the operator truncation. Once the operator truncation is 
performed, then the ERG equation turns out to be a set 
of one-loop RG equations. Difference from the perturba- 
tive RG lies in that couplings of the higher dimensional 
operators are involved as well. This enables us to sum 
up an infinite number of loop diagrams. 
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It was found through the previous studies [25|, |26[ that 
the effective four-fermi operators are found to play an im- 
portant role for the non-perturbative analysis of the chi- 
ral symmetry breaking. The reason may be understood 
by thinking over the anomalous dimension Fig. 1 

shows schematically how the anomalous dimension is rep- 
resented in terms of the effective four-fermi couplings in 
the NPRG framework. The four-fermi couplings are also 
given as a sum of infinitely many loop diagrams by solv- 
ing the RG equations. Thus a non-perturbative sum of 
the loop diagrams is carried out by incorporating the 
four-fermi operators. 



where we used the Landau gauge propagator. This beta 
function leads to the fixed points oi gs as 
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5- max 
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where a* denotes the gauge couphng g'^/{AiTY at the 
fixed point, which is determined by the two- loop beta 
function ([3]). The solution with +(— ) sign gives the 
UV (IR) fixed point value. The number represented by 
o^g max IjHP is the maximal value of the gauge coupling 
of the fixed point, which is given by 



+ 




1 



FIG. 1: The anomalous dimension in terms of the effec- 
tive four-fermi vertex is shown schematically. 

First we consider the Wilsonian effective action of the 
SU{Nc) gauge theory with Nf massless flavors. The in- 
duced operators in the effective action should be invariant 
under the color SU{Nc) as well as the flavor symmetry 
U{Nf)L X U{Nf)ii. Even if we restrict them to the four- 
fermi interactions, there are various invariant operators. 
In order to perform the minimal analysis, we take the 
following effective Lagrangian, 



2Gs(A) 
A2 



(9) 



where i, j = I, ■ ■ ■ , Nf denote the flavor indices. In prac- 
tice, the RG analysis beyond this simple approximation 
can be also performed. A detailed study of QCD like the- 
ories and the gauge- Yukawa theories with many flavors 
by the NPRG method is reported separately |29!| . There 
it is found to be sufficient to incorporate the above four- 
fermi operator and to sum up the ladder diagrams to 
examine the IR fixed point. 

We should also incorporate higher dimensional opera- 
tors of the field strength, such as [D^F'^'f, iFf^^F'"')'^ 
and so on in order to extend the gauge beta function be- 
yond the one-loop level. However practical calculations 
are rather tedious and face with the problem in main- 
taining the gauge (or BRS) invariance. Therefore we do 
not deal with the ERG equations faithfully, but substi- 
tute the two-loop beta function given by ^ for the RG 
equation of the gauge coupling instead. 

The explicit RG equation for the four-fermi coupling 
Gs /47r^ is easily found by calculating one-loop diagrams 
and is given simply by ^] 



9s + 



(10) 



(47r)2 12C2{N,)- 



(12) 



In Fig. 2, the RG flows of {ag,Ncgs) obtained by solv- 
ing RG equations ^ and PU)) are shown in the case of 
TVc = 3 and TV/ = 12. The points A, B and C stand 
for the non-trivial fixed points of the RG equations. It 
is seen that the phase boundary appears and all flows in 
the lower phase approach the IR fixed point A which is 
the BZ fixed point. It is found that the lower (upper) 
area of the phase boundary is unbroken (broken) phase 
of the chiral symmetry [2^. The phase boundary also 
shows that the critical gauge coupling of the cutoff gauge 
theory is given by a" = (g")V(47r)2 ~ 0.09. 




FIG. 2: The RG flows of the couplings {ag,gs) are shown. 
The IR and the UV fixed points are represented by blob points 
A and B respectively. The point C stands for the fixed point 
of the four-fermi theory. 

Aspect of the RG flows varies with the flavor number 
Nf . When the gauge coupling of the fixed point of the 
gauge beta function Q exceeds a* ^g^^, then the unbro- 
ken phase disappears. Thus the simple RG analysis given 
above leads to the conformal window of 



lOOiV^^ - 66 
25N^ - 15 



Nr 



11 

<Nf< —N, 



(13) 



which coincides with the result obtained from the DS 
equation in the improved ladder approximation using the 
two- loop gauge beta function [2^. However we should 
note also that the lower bound is dependent on the gauge 
beta function considerably [37j . 
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In the non-perturbative RG framework, the anomalous 
dimension of the fermion mass operator is given with 
the four-fermi couphng as 



(14) 



Therefore the exphcit value at the BZ fixed point is found 
to be 




(15) 



which shows that — 1 < 7^ , < in the conformal window 



In the case of A^'c = 3 and N 



f 



12, 7 



-0.: 



(a* = 0.06 < a* „iax 0.0625), which is fairly close to 
the critical value. 

Now we consider to incorporate the Yukawa interaction 
given by ^ to the above analysis. Then the scalar ex- 
change diagrams also induce four-fermi operators. How- 
ever the operators do not contain ipnip-'j^ipfijip]^, but trun- 
cated ones such as 4'Li^fj.4'L'4'Rj7^'^H- Thus the RG 
equation for gs pO)) is found to be intact even with the 
Yukawa interaction except for the anomalous dimension 
of the fermion 7^ = a\/2; 



= (2 + 2^^)55 - 2iV, ( gs + 



as + ^ag 



(16) 



We may refer Ref. [29[ for the detailed analysis. On the 
other hand, the RG equation for the Yukawa coupling is 
modified with the four-fermi interaction as 



dax , , 

= 2aA(70 + 7v;v)' 



(17) 



where the anomalous dimensions are given explicitly by 

70 = 2N^nfax, (18) 
7V = -6C2{R)ag + ax-2Ncgs. (19) 

Therefore we may solve the RG equations ([3]), and 
In Fig. 3, the RG flows in the coupling space of 



3,7V 



{ag,a\, N^gs) are shown in the case of 
rif = 12. The black points stand for the fixed points. 
It is seen that the IR fixed point A' exists and the 
gauge coupling takes almost the same value as that of 
the BZ fixed point A. The points B and B' represent the 
UV fixed point and the renormalized trajectories linking 
these fixed points are also shown in Fig. 3. 

The anomalous dimensions at the IR fixed point may 
be evaluated as 7; = -7*^ ~ 0.8 (e = 2(1 - 7;) ~ 0.4). 
It is noted that the Yukawa coupling is not extremely 
large and A* ~ 1.3. 



D. Effects of the large anomalous dimension 

Around the IR fixed point, the scalar potential is renor- 
malized in a peculiar way due to the large anomalous 
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FIG. 3: The RG flows of in the coupling space of 
{ag, ax, Ncgs) are shown. The points A' and B' represent 
the IR and the UV fixed points of the gauge- Yukawa theory 
respectively, while A and B stand for the BZ (IR) and UV 
fixed points shown in Fig. 2. 



dimension [23]. If the scalar potential at the scale A is 
given as 



y(0) = TO^A2|^|2 



(20) 



then the RG equations for the dimensionless parameters 
TO^ and A4 are found to be 

A^ = -2{1~ j^)ml + AN,n fax -2X4, (21) 



A 



dA 



(22) 



where A4 = A4/(47r)^ and 7^ = 2Ncnfax- 

For the simplicity, we shall discuss the solutions of 
these equations in the large Nc limit, or with neglect- 
ing corrections by the quartic coupling A4. If we set 
the Yukawa coupling to the fixed point value, then these 
equations are easily solved. The solution of the scalar 
mass at a low energy scale M is given with the initial pa- 
rameter TO^ (A) at the cutoff scale A and may be written 
down as 



m2(M) = 



(23) 



where TnJ^ = 2^^/e = 7^/(1 — 7p. It is explicitly seen 
that the power of divergence is reduced to e due to the 
anomalous dimension. As the renormalization scale fj, 
goes to zero, the scalar mass m^(^) = rn*^^"^ also goes 
to zero irrespectively of the initial value fh?^{K). 

In the next section, we consider a model in which the 
conformal invariance is terminated at a low energy scale 
M by adding masses to the fermions. Then the scalar 
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(mass)^ may be estimated as 0(1 — 10) x M^. The depen- 
dence on the cutoff scale A as well as the initial param- 
eter is remarkably weaken for a small e. To be explicit, 
[K/MY ~ 6.3(2.5) for {K/Mf = in the case of 

e = 0.4 (iVc = 3,7V/ = 12). 

On the other hand the anomalous dimension makes 
the quartic coupling highly irrelevant, since the scaling 
dimension of A4 is given by 47^ at the IR fixed point. 
This does not mean that the quartic coupling is elimi- 
nated. The RG equation (j22|) tells us that A4 approaches 
the fixed point value given by 



a: 



* |2 



(4^)2 



2Nrn 



(24) 



very strongly. Thus it is found that the value of the quar- 
tic coupling A4 appearing below the scale M is large in 
general. Similarly the couplings of higher point inter- 
actions of the scalar converge to the fixed point values 
strongly. The presence of the quartic coupling in the RG 
equations pT|) and ([22|) does not alter the above proper- 
ties. 

Now we shall move on to the extension of the SM. We 
introduce a strongly coupled gauge sector in the confor- 
mal window other than the SM and also assume that 
the Higgs field has a Yukawa coupling with this sector 
just like ([2]). In order to avoid extreme fine-tuning, scale 
of the fermion mass Af, which is the scale of conformal 
symmetry breaking, should be of 0(l)TeV. On the other 
hand, a large quartic coupling is induced through this 
Yukawa interaction. Therefore, the observed Higgs mass 
should be as large as the triviality bound with the cutoff 
scale M. For M of a few TeV, the Higgs mass is expected 
to be as heavy as 500 GeV [15| . Then, the corrections to 
the Higgs mass through the standard model interactions 
does not require fine-tuning. 

One may wonder if the extra fermions coupled with 
Higgs field induces so large corrections that contradict 
with the EW precision measurements. On the other 
hand, the extra sector should generate a suitable amount 
corrections to the S and T parameters, as was mentioned 
in Introduction. We will discuss this phenonienological 
issue in section IV. 

Another problem to be concidered is the mass of Top 
quark. It is noted that the large anomalous dimension of 
the Higgs field also suppresses the top Yukawa coupling, 
which should be about 1 at low energy in order to ex- 
plain the observed mass. To be explicit, the anomalous 
dimension of the Higgs 7^^ suppresses the top Yukawa 
coupling as 



9* .(A). 



(25) 



Then, the top Yukawa coupling must be non- 
perturbatively large immediately above the TeV scale. 
Therefore we have to replace the strongly coupled con- 
formal sector so as to include the top quarks. In general, 
scenarios of the EWSB with the Higgs field coupled to the 



strongly interacting sector, such as the walking Techni- 
color models 31], the conformal Technicolor models 
and so on, seem to face with a similar problem in com- 
patibility with the top quark mass (ssj . 

In the next section, we consider a model, in which 
the top Yukawa coupling is generated through mixing 
between top quarks and the fermions in the CFT sec- 
tor coupled strongly with the Higgs [l3|. On the way 
around, such a mixing effect may explain origin of the 
prominently large top quark mass. 



III. A PHENOMENOLOGICAL MODEL 

Now we shall consider an explicit phenomenological 
realization of the mechanism discussed in the previous 
section, namely the conformal Higgs model. We assume 
a strongly coupled gauge theory with the gauge group of 
5'?7(3)cFT as the conformal sector. The Higgs field cou- 
ples with the vector-like fermions of the CFT and behaves 
as a point-like particle below a certain high energy scale 
A. Here we do not think about the ultraviolet comple- 
tion above the cutoff scale A, though the Higgs field may 
be generated as a fermion composite at this scale. The 
basic feature of the scenario is that the EW symmetry is 
not broken by the strong dynamics, but by the vacuum 
expectation value (VEV) of the point-like Higgs. The 
dynamics of the CFT sector plays a role in suppressing 
the mass scale of the Higgs boson. 

The color gauge group of the SM, 5L/(3)c, 
emerges after spontaneous symmetry breaking (SSB) 
of S'C/(3)cFT ® SU{i)'c at the TeV scale. The quark 
fields are charged under 5'f7(3)p, while the vector-like 
fermions are charged under S'J7(3)cft- These fermions 
can mix with each other below the scale of SSB, since 
both fermions are charged under the color gauge group 
5J7(3)c. Then a large top Yukawa coupling is induced 
through the mass mixing between quarks and the colored 
heavy fermions from the CFT sector. 

Explicitly, we will discuss the case in which mixing be- 
tween the weak doublets, 4>i and Qsl, and between the 
weak singlet and ui,b. occurs dynamically. One may 
suppose that similar mixing among all flavors of quarks 
and leptons also occurs and, moreover, the differences in 
these mixings explain the mass hierarchy. However the 
mixing in the other quarks than the top quarks should 
be small anyway, and we neglect them completely in this 
paper. 

We also introduce another gauge interaction of the 
group Gdsb, which becomes strong at the TeV scale 
and breaks down the conformal symmetry by through 
fermion condensations. The dynamics of the CFT is not 
influenced above the TeV scale, since the gauge coupling 
of Gdsb sector is rather weak there. However, this dy- 
namics induces masses of the extra fermions of the CFT 
sector and mixing with the quarks simultaneously at the 
TeV scale. 

We assume that Gdsb is also an 5L/(3) group and in- 
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troduce the following vector-like fermions charged as, 





SU{3hsB 


SU{3)cFT 


SUi3Yc 


SU{2)w 


(7(l)y 




3 


3 


1 


1 


any 




3 


1 


3 


1 


any 




1 


3 


1 


2 


1/6 


4,'^ 


1 


3 


1 


1 


2/3 



(26) 

where A = 1,2,3 and a = 1,2,3 stand for indices of 
SU{3)cFT and S'J7(3)^ respectively. Another suffix i 
runs 1,2,3. Then the SU{3)cft gauge sector may be 
regarded as a gauge theory with Nc = 3 and Nf — 12. 
Therefore an IR fixed point appears at the fairly strong 
coupling region. The assignment of the C/(l)y hyper- 
charges for $ and (p allows mixing with the up-sector 
quarks. 

The Higgs field is allowed to have the following Yukawa 
interactions. 



^Yukawa — "J^tQsLWsfli? 



YbQ3Ld3B.H 



(27) 



where H = eabH^* as in the SM Lagrangian and we omit- 
ted quarks in the first and second generations. For the 
sake of simplicity, we suppose the coupling A to be the 
IR fixed point value A* at the scale of A already. The 
explicit value of A* may be estimated from Eq. pT|) by 
noting the number of flavors coupled with the Higgs is 
Uf — 3, and found to be about 2.65. We will also neglect 
the Yukawa couplings of the third generation Yt and Yh 
for a while, since these couplings are suppressed by the 
anomalous dimension of the Higgs field. 

The gauge interaction of SU (3)dsb induces condensa- 
tion of fermion bilinears such as {"ipA ■ ^J^) and {fja ■ rj"") at 
low energy, where • represents SU (3)DSB-singlet contrac- 
tion. The symmetry breaking of SU{3)cft <8) S'i7(3)p to 
SU{3)c also takes place, if the diagonal components of 
the composite fields acquire non- vanishing VEVs as 

ii^A ■ V") ^ {^D « S% {fja ■ i,^) ^ {ili) (X 5t (28) 

On the other hand, the effective Lagrangian given at the 
scale A may contain the non-renormalizable interactions 
such as 

-^four— fcrmi 

-H^$iA*'^(^a • V") + ^M'^iVa ■ Vl- (29) 

The coefficients of the four-fermi interactions are un- 
known, unless the ultraviolet completion of the model 
at the scale A is fixed. In any case, their explicit values 
are unimportant in the following argument. However, we 
assumed here that only the third generation quarks have 
four-fermi interactions with sizable couplings with some 
reason. Otherwise large Yukawa couplings are induced 



to all flavors as well as top quark through mixing effect 
discussed below. 

Thus the low energy effective interactions obtained af- 
ter the symmetry breaking may be reduced to the form 
of 

-£int = A4$,L0k + Wl)i? + 't^(^) 



(30) 



where we defined the parameters oj and lo by the VEV 
of SSB as c{Vl\)/K^ = u}5\ and c{n^)/k^ = CoS^. The 
mass parameters M$ and are also generated through 
the fermion condensation {fja-r]"') and give the decoupling 
scale of the extra sectors from the SM. Naively these mass 
parameters are supposed to be of the same order as w and 
uj. In the above argument, we did not take account of 
the fermion condensation of {tpA ■'4'^) intentionally, since 
there are subtle dynamical issues. We shall discuss the 
issues in the end of this section. 

Now it is apparent from the effective Lagrangian ([50]) 
that mixing occurs between the quark fields and the ex- 
tra matter fields. Note that this mixing respects the EW 
gauge symmetry, since the SSB does not break the EW 
symmetry. The mixing appears between the left-handed 
doublets, Q3l3 and $3^, and also between the right- 
handed singlets, u^r and ipsR- The mass eigenmodes 
are explicitly given as 



Q'3 

0^ 



cos6l sitiBl 

cos dj^ sin 6 fj 
sin 6b. cos 9ji 



Q3 

$3 
4>3 



(31) 
(32) 



where the mixing angles 9l and On are given by tan 6l = 
uj/Mg, and tan 6' 7? = ui/M^ respectively. Then the effec- 
tive interaction Lagrangian is rewritten in terms of these 
mass eigenmodes as 

— -Cint 

= A^cos^L^g^ - sin 6 lQsl) {cos eR(j)'^j^ ~ s\nBBU^^H 

+ViH), (33) 

where masses of the eigenmodes are given by — 
M^l cos 9 L and M'^ — M^/ cos Or. The massless top 
quarks are identified with {Q'sliu'^b), and their effective 
Yukawa coupling with the Higgs field turns out to be 



Yt"^ ~ A* sin6lL sin^i^. 



(34) 



This coupling can be large enough, unless the mixing 
angles, or the ratios oj/M, are very small, since the fixed 
point coupling A* is large in this model. 

Thus the Higgs mass may be suppressed by the con- 
formal dynamics in a way compatible with the large top 
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Yukawa coupling. However there are some issues to be 
concerned about in the conformal Higgs model. First 
one may wonder whether the 5'Z7(3)dsb interaction af- 
fects the IR fixed point and, moreover, may destroy the 
conformal invariance fairly above the decoupling scale. 
Indeed the conformal invariance is not exact, but the 
beta function of the CFT gauge coupling is affected by 
the DSB gauge coupling Ug' at the two-loop level as 



dttg 



(35) 



Then the fixed point coupling is shifted to a* ^ (5o — 
2a'g)/bi effectively. However the DSB sector may be re- 
garded as an iVc = 3 and Nf = 6 QCD and agi becomes 
comparable with a* very near the dynamical scale 
Therefore the shift of the IR fixed point is very small. 

We should also think about effects to the four-fermi 
couplings, since the DSB gauge interaction increases at- 
tractive force among the fermions in the CFT sector. 
In practice, the effective four-fermi interactions among 
the fermion ?/; are induced. In the above model, however, 
the gauge coupling of the IR fixed point is already close 
to the critical value ag^max without the DSB interaction. 
Therefore the RG flow of the four-fermi coupling enters 
the broken phase eventually, although the running near 
the boundary is rather slow [39]. However note that the 
DSB gauge interaction does not affect the four-fermi in- 
teractions among $ and (/) directly. The beta function for 
the four-fermi coupling gs (jlOp is unchanged in the lad- 
der or the large N^, Nf leading approximation. Thus it is 
thought that the IR fixed point is not shifted remarkably 
or destroyed through the DSB gauge interaction. 

Next we also consider effects of the large anomalous 
dimension on the scale of dynamically generated masses. 
The four-fermi interactions given in the effective La- 
grangian (|29p are also enhanced by the anomalous dimen- 
sions due to S'[/(3)cFT interaction, since they include the 
fermions of the CFT sector, t/;, $ and cj). This effect en- 
larges the scale of dynamical masses [40|. For example, 
the mass parameters M$ (M^) and uj (a)) are estimated 
in terms of the dynamical scale A/dsb of the DSB inter- 
action as 



OJ ' 



Ml 



DSB 



A 



2+7,7 



Ah 



DSB- 



(36) 



Thus the extra matter fields in the CFT are decou- 
pled at the mass scale Af$ and M^, which are rela- 
tively larger than the dynamical symmetry breaking scale 
-A/dsb- Therefore the strong dynamics of the CFT is not 
responsible for the EW symmetry breaking, but solely 
reduces the radiative corrections to the Higgs mass pa- 
rameter. 

Provided that the effective Lagrangian also contains 
the four-fermi coupling as 



(37) 



then the fermion condensation {ipA ■ V'^) generates the 
mass M$ to the fermion which is enhanced as 



DSB 



A 



Af<t, > M^. 



(38) 



Then the decoupling mass scale is determined by M$ 
instead of M$. Consequently the mixing angle is reduced 
to be a;/M$ <C 1 and, therefore, the induced top Yukawa 
coupling turns out to be too small. This is the reason why 
we did not include the interaction of ([37|) in the effective 
Lagrangian . We need to assume the coefficient c$ of 
the four-fermi operator (|37p to be suppressed with some 
reason. 



IV. THE ELECTRO- WEAK PRECISION TESTS 



A. Oblique corrections 

New interactions above the TeV scale, which is re- 
quired to push up the cutoff scale of the EW theory to 
some higher scale, must be consistent with the precision 
tests of the EW theory by the LEP experiments. Espe- 
cially the oblique corrections to the EW gauge bosons put 
rather strong constraints to the S and T parameters. In 
this subsection we shall evaluate these parameters in the 
conformal Higgs model presented in the previous section. 

It has been known for some time that QCD-like 
gauge theories induce an excessive correction to the S- 
parameter [l^, [l3| . Although it is a difficult dynamical 
problem to evaluate the oblique corrections in general 
strong dynamics, there have been also some studies by 
using the DS equations. According to the recent study 
[3^ , the S-parameter is decreased in the walking Techni- 
color models [3l| compared with QCD-like models, how- 
ever seems to be still large. Thus models with dynamical 
EW symmetry breaking seem to have a potential diffi- 
culty in satisfying the EW precision tests. Contrary to 
this, neither the CFT interaction nor the DSB interac- 
tion does not induce the EW symmetry breaking in the 
present scenario. Therefore the huge correction to the 
S-parameter is not generated through the strong dynam- 
ics. This point is the essential difference from 6.17. the 
walking Technicolor [31|] and the conformal Technicolor 
0. 

However the extra fermions $ and (j> couple with the 
Higgs field. Moreover the weak isospin symmetry is 
largely broken, since these fermions mix only with the top 
quark fields. Therefore a sizable correction to the p pa- 
rameter, or the T-parameter, may be generated through 
loop effect of these extra fermions. 
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The oblique corrections are generated through mixing among the EW doublet and the EW singlet fields after the 
EWSB. Explicitly, the VEV of the Higgs field, {H) = (0,w/\/2) leads the mass terms given by 

(A*sin0Lsin6'_R,w/V2 — A, sin6'i cos0i^u/-\/2 \ 
-A, cos 6'l sin 6'i?w/\/2 A/4 KcosOlcosOrv / \/2 
A,i;/V2 M; 

+M4x2LX2fl + /i.c., (39) 

where the component fields are defined by Qg^ = (t,b)L, u'^j^ — tn, $^ = (x'ijX2)i ^-i^d = (xi;X2)fl- 
Since the VEV for the EWSB v is much smaller than M$ and AI^, the top quark mass rrit is given almost by 
A, sin 6*^ sin 6*7??;/ V2 = rj°*w/\/2. Therefore the mixing angles should satisfy sin^^sin^/j ~ 1/A*. If we suppose 
(D ^ w and A/$ AI^ ~ M for simplicity, the mixing angles in the explicit model should satisfy 



sin6'L - sin^H - 1/VA* - 0.6. (40) 



Now mixing among the EW doublets and singlets is in- 
duced through diagonalization of the mass matrix given 
by (|39p . The mixing decreases in proportion to v/AI 
for a large M, as is seen from the mass matrix. There- 
fore the oblique corrections are also vanishing for a suffi- 
ciently large M. This is because the dynamically induced 
masses of M for the extra matter fields are invariant un- 
der the EW symmetry, and these fields just decouple from 
the EW sector. On the other hand, small but suitable 
amounts of oblique corrections should be induced so that 
the heavy Higgs boson is compatible with the EW preci- 
sion tests. Thus the decouphng scale of the GET sector 
M can be determined by this phenomenological consis- 
tency. However, the scale M should be relatively low in 
order to improve naturalness of the EW theory. There- 
fore it is important to see whether the conformal Higgs 
model really allows the decoupling scale less than a few 
TeV. 

Now let us evaluate AT by calculating the one-loop 
corrections for the self-energy of the EW gauge bosons. 
In practice, the explicit model is very similar to the top 
seesaw models j33| as far as the mixing mechanism is 
concerned, while the top quark mass is not generated 
through the seesaw mechanism. So we may evaluate the 
oblique corrections in the same manner as done for the 
top seesaw models. More explicitly, the oblique correc- 
tions induced by vectorlike fermions given in Ref. [s^ l are 
also available. 

Since the required corrections are small somehow, we 
may consider only the cases with A^w ^ M$, M^. Then 
the mass terms given by pop can be approximated as 



mttLtR + M!s>Xil XiR. - 



A*w 



cos 9l sin dBtn 



+ M'^ ( - ^j^^j-i COS 0RtL 1 4>'r. 



(41) 



The contribution through the mixing of the left-handed 
fermions is found to be 



AT. 



2to? In * 




where xl — A* sin 0^ cos 0j^w/\/2. In this expression, 
the fine structure constant a may be evaluated as 
a~'^{Mz) ~ 129. Similarly, the contribution through the 
mixing of the right-handed fermions are found to be 



AT- 



IGtt^c 



xr 
ML 



(43) 



where xr — A* cos^i sin0/ft)/\/2. Thus both contribu- 
tions by the heavy extra quarks are positive. 

If we take simply — M'^ ~ M and xl — xr ~ x, 
the total correction of AT is approximately given by 



3 f, M2 x^} / X Y 

AT ^ <^ In ^ H ^ W — 

IGTT^a I mf mf } \MJ 



(44) 



Here the parameter x is not 



where we used 2mj ~ 
free but is related with the fixed point Yukawa coupling 
A* as 



1 



sm 



- 1 



TOj(A* — 1). 



(45) 



If this oblique correction supplies AT = 0.25 ±0.1 ad- 
ditionally to the SM correction, then the heavy Higgs 
mass of 400 — 600GeV becomes consistent with the cur- 
rent evaluation of the EWPT [l|, [ll|. If we substitute 
A, = 2.63 into AT given by Eq. (gl]), then the decou- 
pling mass scale may be determined to be 



1.5TeV < M < 2.5TeV. 



(46) 



It is seen that we need to take account of both mixings 
between the left-handed fermions (^^,0^) and between 
the right-handed fermion (i_R,Xi_R). 



It is noted that the consistent scale M can appear at a 
relatively low energy region. This is because that the 
fixed point Yukawa coupling A* is not very large in the 
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explicit model. Therefore, the amount of induced oblique 
correction is model dependent. 

Similarly, contribution to the S-parameter may be eval- 
uated and is found to be 

As<il.^^!(iL)^ (47) 

This is much smaller than the contribution to AT, since 



AS" 167r 
AT-—" 



0.12. 



(48) 



This property is common with the top see-saw models 
[3^. Thus the S-parameter is also consistent with the 
EWPT. Here, we should say that these one-loop anal- 
ysis of the oblique correction is not so definite indeed. 
The higher order corrections by the QCD interaction are 
not be negligible. The CFT fermions also interact with 
the massive gauge bosons rather strongly. However such 
corrections are thought to be suppressed, since the gauge 
boson mass is so heavy as the decoupling scale M. There- 
fore ambiguity of the one-loop analysis would not be so 
large. In any case, it seems that the present model with 
the decoupling scale of a few TeV is viable. 



B. Z-boson decay width 

The EW precision tests also constrain the ratio of de- 
cay widths of Z-boson, Ri, = Y\Z bb]/T[Z — > hadrons] 
severely. The deviation of coupling between the bottom 
quark and Z-boson gf, from the SM value, Sgb, is restricted 
roughly as Sgb < 10~^. Theoretically, this deviation can 
be also induced through mixing between bottom quarks 
and the massive extra fermions. Indeed there are such 
mixings in the explicit model and 6Rb should be exam- 
ined. 

So far we have ignored the original top and bottom 
Yukawa couplings, since these are suppressed and not im- 
portant to other effects. However we should add the bot- 
tom Yukawa term ytQaLbRH to the effective Lagrangian 
given by pop in order to see the mixing effect. The origi- 
nal top and bottom Yukawa terms are rewritten in terms 
of the mass eigenmodes into 

+ybismeL^'L + coseLQ'sL)bRH. (49) 
Therefore the EWSB induces the mixed mass terms given 

by 



3i X2L 



ybC0sdLv/V2 
ybSmeLv/V2 M'^ 



bR 

X2R 



-t- h.c. 



(50) 

Then it is shown that both of 6l and b r are mixed with 
components of the weak doubles fermions and '^r 
through the EWSB. Both of the ZbLbL and ZbRbR cou- 
plings induced the mixing effect are readily evaluated. 



since these are tree level contributions. The deviations 
are found to be 



SgbL - Sg, 



bR 



(51) 



which are sufficiently small. Similarly, we may estimate 
the deviations in the couplings of top quarks. They are 
given roughly as SgtL — 6gtR < 10~^. 



C. Aspect of fine-tuning 

As is explained before this scenario leads to a relatively 
heavy Higgs. The mass is close to the triviality bound 
corresponding with the scale M, which are approximately 
400 — 600 GeV Then the SM correction to the Higgs mass 
parameter becomes comparable with such a heavy mass 
itself, when the scale M of a few TeV acts as the cutoff 
scale. Thus the fine-tuning due to the SM corrections is 
not necessary. 

Then, we should think about corrections to the Higgs 
mass parameter by the CFT dynamics. Indeed the Higgs 
mass is suppressed by the anomalous dimension, however 
the correction is sizable compared with the EW scale. 
As was discussed in section II, the Higgs (mass)^ at the 
decoupling scale M is given as Eq. (pS)) . This may be 
estimated as 0(1 — 10) x M^, which is too large to bring 
about the Higgs mass of 400 — 600 GeV. Thus the ini- 
tial mass parameter must be tuned somehow. Since the 
degree of the fine-tuning 35] is given roughly as 



A 



M2 



(52) 



it is found that fine-timing of 0(1) % is still necessary in 
order to achieve the realistic EWSB for the cutoff scale A 
of, say, O{100)TeV. Of course this cutoff scale cannot be 
taken extremely high. The model should be also replaced 
with some new physics, which probably does not contain 
the elementary Higgs field. However we do not discuss 
the ultraviolet completion of the present model in this 
paper and postpone it to future study. 



V. CONCLUSIONS AND DISCUSSIONS 

In this paper we discussed a new scenario in which 
the quadratic correction to the Higgs mass parameter is 
suppressed by a large anomalous dimension endowed by 
interactions with a CFT sector. With this mechanism, 
the cutoff scale can be raised up sufficiently high so as 
to solve the so-called little hierarchy problem of the SM. 
The strong dynamics of the CFT sector does not break 
the EW symmetry, but radiative symmetry breaking of 
the Higgs field as in the supersymmetric theories takes 
place. The CFT sector just decouples from the SM sector 
by dynamical mass generation at a few TeV scale. 

It was shown explicitly that a large anomalous di- 
mension of the Higgs field can be realized in a class 
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of the gauge- Yukawa theories. We analyzed the non- 
perturbative RG equations to show it. The quartic cou- 
pUng of the Higgs fields is rendered very irrelevant by 
the anomalous dimension and converges to a fixed point 
value. Due to strong dynamics of the CFT sector, this 
fixed point coupling is rather large. Therefore the sce- 
nario predicts a fairly heavy mass for the SM Higgs, 
which contrasts with the supersymmetric models and the 
little Higgs models. 

The anomalous dimension of the Higgs field suppresses 
the Yukawa couplings in the SM as well. Then compat- 
ibility with the large top quark mass becomes problem- 
atic. We considered an explicit model, which we called 
"the conformal Higgs model", solving this problem due 
to mixing with top quark and the extra fermions of the 
CFT sector. 

The heavy Higgs boson is not consistent with the 
EWPT of the {S,T) parameters, unless a suitable 
amount of extra contribution is added. However the 
mixing with the CFT fermions is found to induce a 
proper oblique corrections in the conformal Higgs model, 
if their mass scale is given to be a few TeV. Therefore the 
model predicts extra heavy colored fermions and massive 
SU{3)c gauge bosons with a few TeV masses. Correction 
to the decay width of Z-boson due to the mixing effect 
is negligible. Thus such extension of the SM also seems 
viable phenomenologically. 

The anomalous dimension of the Higgs field may help 
to raise up the cutoff scale significantly. However the 
model does not explain the scale of EWSB in general. 
Naively the decoupling scale of a few TeV gives also the 
Higgs mass scale. Therefore the mass parameter must 
be tuned somewhat, although the Higgs boson is fairly 
heavy. So the aspect of naturalness is not very satisfac- 
tory, and some improvement may be desired. Meanwhile, 
the minimal supersymmetric SM also requires a similar 



degree of fine-tuning d, 0| • 

Lastly we also mention further problems to be consid- 
ered. In the conformal Higgs model, the Higgs boson 
is assumed to be point-like at least up to some cutoff 
scale A. However this scale cannot be taken extremely 
high, and the ultra-violet completion of the model should 
be considered. One of the possible scenarios would be 
a composite Higgs model. It was also simply assumed 
that only top quark is mixed with the extra fermions 
through the Yukawa interactions. It may be interesting 
to see whether the mixing effect can be extended to other 
quarks/leptons than top quark. 

It seems also interesting to give a five-dimensional de- 
scription of the conformal Higgs model, which is sug- 
gested by the AdS/CFT correspondence [l8|. The gauge 
structure of SU{3)cft ® S'[/(3)'(^ and it's spontaneous 
breaking to the diagonal subgroup SU{3)c indicates a 
two-site deconstruction of a five-dimensional model. In- 
deed, the vector-like extra fermions may be identified 
with the first Kaluza-Klein mode of the bulk top quark. 
Moreover the massive gauge boson may be regarded as 
the Kaluza-Klein mode of gluon in the bulk. Study in 
this direction is now under way and the results will be 
reported elsewhere. 
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